ATP sulfurylase was purified extensively from green cabbage (Brassica capitata L.) leaf. The enzyme appears to be an asymmetric dimer composed of 57,000 dalton subunits. Initial velocity and product inhibition studies of the forward and reverse reactions point to an obligately ordered kinetic mechanism with MgATP adding before MoO42- . and MgPPi leaving before AMP + MoO42-(or adenosine-5'-phosphosulfate IAPSI). 13, 17, 19) , only the yeast (5, 9, 15, 16, 26, 27 ; for a review, see 22), and spinach leaf (1, 23, 24) enzymes have been studied in any detail. Because of the extremely poor Keq of the reaction in the physiological direction (reported to be about 10-8) and, more importantly, the potent product inhibition by APS (Kiq approx. 1 UM), few attempts have been made to study the kinetics of the normal forward reaction. The inclusion of excess inorganic pyrophosphatase in the assay mixture will not pull the reaction to completion because the APS product combines with the free enzyme, not an E-PPi complex (7). For routine assays with relatively pure fractions, the forward reaction has been measured using molybdate (MoO42-) in place of sulfate (28). This has the advantage of providing a sustained reaction because the putative product, APMo, spontaneously and rapidly decomposes to AMP and MoO42-. However, there is no reason to assume that the kinetic constants of the molybdolysis reaction are the same as those of the normal forward reaction.
ATP sulfurylase (ATP:sulfate adenylyl transferase, EC 2.7.7.4) catalyzes the first reaction in the assimilation of inorganic sulfate:
MgATP + S042-MgPPi + APS4 Although ATP sulfurylase is widely distributed in nature (for reviews, see 4, 13, 17, 19) , only the yeast (5, 9, 15, 16 ,) Penicillium chrysogenum (6-8, 26, 27 ; for a review, see 22) , and spinach leaf (1, 23, 24) enzymes have been studied in any detail. Because of the extremely poor Keq of the reaction in the physiological direction (reported to be about and, more importantly, the potent product inhibition by APS (Kiq approx. 1 UM), few attempts have been made to study the kinetics of the normal forward reaction. The inclusion of excess inorganic pyrophosphatase in the assay mixture will not pull the reaction to completion because the APS product combines with the free enzyme, not an E-PPi complex (7) . For routine assays with relatively pure fractions, the forward reaction has been measured using molybdate (MoO42-) in place of sulfate (28) . This has the advantage of providing a sustained reaction because the putative product, APMo, spontaneously and rapidly decomposes to AMP and MoO42-. However, there is no reason to assume that the kinetic constants of the molybdolysis reaction are the same as those of the normal forward reaction.
The sulfate-dependent [32P1-MgPPi-MgATP exchange reaction ' The research reported in this paper was supported by Grant GM-26728 from the United States Public Health Service. has also been used to assay the enzyme (23) . However, the velocity equation of an A-P isotope exchange reaction (Ref. 20 , p. 872) is rather complex and does not necessarily yield the kinetic constants of the overall normal forward reaction. In this paper, we describe the purification of ATP sulfurylase from green cabbage leaf and some of the physical and kinetic properties of the enzyme. The normal forward reaction was studied with MoO42-as the Group VI anion substrate and also with s042-in the presence of excess APS kinase purified from Penicillium chrysogenum.
MATERIALS AND METHODS
Green cabbage (Brassica capitata L.) was purchased at a local market. Usually, three or four heads (about 3 kilos) were used for each preparation. The heads were washed with deionized H20, cooled in an ice-water bath, cut into small portions, and then passed through a household juicer. The juice collector initially held 50 ml of I M Tris-Cl buffer (pH 8.0, 0WC), containing 0.1 M EDTA. As the juicing process proceeded, small amounts of solid Tris (free base) were added to the collector to maintain the pH of the extract at 8.0. The collector was packed in ice to maintain the temperature at 0°C. Each cabbage head yielded between 300 and 500 ml of extract.
The crude extract was fractionated with solid ammonium sulfate at 4°C (21 EMgATPV-I mM-l [Proteinj,],g/n,j = 183 A230nm-7.5 A280nm
Gel Electrophoresis. Discontinuous polyacrylamide slab gel electrophoresis ofthe native enzyme was performed by the method of Davis (3) using a 3% stacking gel and 5.5% to 10.5% running gels. Gels were stained with a solution containing 12% (w/v) TCA, 12% (v/v) isopropanol, and 0.4% Coomassie Blue R. The gels were destained with successive changes of 10o (w/v) TCA. The enzyme was detected by cutting an unstained strip of the slab into 3 mm segments and soaking the pieces in 1.0 ml of 0.04 M Tris-Cl buffer (pH 8.0). The eluates were assayed by the molybdolysis reaction. Enzyme activity was located at a position corresponding to the most intensely stained protein band.
Discontinuous SDS-PAGE was carried out by the method of Laemmli (11) using a 3% stacking gel (pH 6.8) and a 9% running gel (pH 8.8). Between 1 and 10 jig of protein was applied. BioRad SDS-PAGE standards (mol wt, 14,700-200,000) were run simultaneously. The gels were stained and destained as described above.
RESULTS AND CONCLUSIONS Purification and Some Physical Properties of the Enzyme. Table  I summarizes the purification of the cabbage leaf enzyme. The crude extract and 35 to 65% ammonium sulfate fraction were not assayed. However, negligible enzyme activity was recovered when the 0 to 35% and 65 to 100% ammonium sulfate fractions were applied to and eluted from the Blue Dextran column.
On a Bio-Gel A-l.5m column calibrated according to mol wt, the cabbage ATP sulfurylase eluted at a position corresponding to a mol wt of 172,000 ± 8,000. On a calibrated Sephadex G-200 column, the enzyme eluted at a position corresponding to a mol wt of 145,000 ± 15,000. The standard proteins used were thyroglobulin (660,000), ,B-galactosidase (595,000 and 1,190,000), ferritin (495,000), catalase (237,000), aldolase (158,000), BSA (67,000 and 134,000), hemoglobin (64,000), and chymotrypsinogen A (25,000).
When the A-1.5 and G-200 columns were calibrated according to the Stokes radii of the standards, ATP sulfurylase eluted at a position corresponding to a Stokes radius of 4.6 ± 0.1 nm. The standards were thyroglobulin (8.5 specific volume (v) of 0.725 cm3 g-', a mol wt of 108,000 + 4,000 was calculated (25) . PAGE of the native enzyme yielded a major dye-staining band and four relatively minor bands, two with a slightly greater mobility and two with a slightly lower mobility than the major band. The major band (which corresponded to the peak of enzyme activity eluted from the gel) was estimated to account for more than 75% of the total dye-staining protein in the applied sample.
SDS gel electrophoresis of the purified enzyme yielded two very closely-migrating bands. The more intensely-stained band mi- Figure 1 shows the initial velocity reciprocal plots for the molybdolysis reaction. The Because of the nature of the molybdolysis assay, the kinetics of the PPi product inhibition could not be conveniently investigated. However, a preliminary experiment suggested that MgPPi does not significantly inhibit the reaction: ATP sulfurylase was incubated with all the assay components except pyrophosphatase.
After 10 min, the ATP sulfurylase was inactivated by heating the assay tubes for 1 min in a boiling water bath. The solution was cooled to 30°C, pyrophosphatase was added, and the mixture incubated for another 10 min. The color was developed in the usual way. The two-stage assay yielded the same A60 as the usual one-stage assay. The results showed that up to 200 ,UM PPi could accumulate during the assay without significantly affecting the initial molybdolysis reaction velocity.
In another experiment, 0.1 mm (0.05 ,umol/0.5 ml) PPi was added to the standard reaction mixture at zero-time. The reaction mixture was run in two stages as described above with sufficient enzyme to produce 0.1 mm PPi in 10 min. The total PPi found was, within experimental error, 0.2 mm. These results show that MgPPi at concentrations in the neighborhood of 0.1 mM (approx. 100 times the Km for MgPPi in the normal reverse reaction) does not significantly inhibit the molybdolysis reaction. From this, we can conclude that MgPPi does not bind to the free enzyme, which, in turn, means that product release must be obligately ordered with MgPPi leaving first. The results also suggest that E.APMo complex does not account for a significant fraction of the total enzyme in the steady state.
Chlorate and nitrate are dead end inhibitors of ATP sulfurylase (7, 24) . These ions may resemble the transition state of the sulfur'l (Fig. 3) . Under the specific assay conditions (1.5 mm MgATP, 5 mm free Mg2+, and 2 mM 35So42-), the reaction appears to be linear with time up until 0.3 to 0.4 ,UM [35SIAPS accumulates. Since substrate depletion is negligible, the sloping off of the reaction progress curve must result from product inhibition by APS. Indeed, at lower MgATP concentrations, the reaction progress curve departs from linearity at lower levels of accumulated APS. The linearity of the reaction during the first 3 or 4 min is probably illusory because if excess APS kinase is included in the assay, the initial rate increases by 60% (and the reaction remains linear for a much longer time). It is highly 5Renosto and Segel (14) and Farley et al. (7) have pointed out that a dead end inhibitor can be uncompetitive with respect to substrate A in a rapid equilibrium random system if the inhibitor competes with substrate B for the EA complex, but does not combine with the free enzyme. This limiting case cannot be excluded for the cabbage leaf ATP sulfurylase.
However, direct equilibrium binding experiments with the P. chrysogenum enzyme (8) unlikely that the stimulation of ATP sulfurylase activity by APS kinase results from a direct interaction of the two enzymes to form a 'PAPS synthetase' complex ('substrate channeling') because the two enzymes are derived from completely unrelated organisms. The stimulation most likely results from the continual removal of the inhibitory product, APS. The kinetics studies on the normal forward ATP sulfurylase-catalyzed reaction (described below) were performed with an excess of fungal APS kinase in the assay mixtures. Figure 4 shows the initial velocity reciprocal plots for the APS synthesis reaction measured by the 35So42 incorporation assay. Essentially the same results are obtained using the Pi colorimetric assay with sulfate and excess APS kinase replacing molybdate in the incubation mixture. The patterns and the KmA, Kia, and KmB values (Table II) we find a Vm,,if/ Vmiax, ratio close to 0.1 (Table II) . Combining this ratio with the other relevant experimental constants, the calculated value of Keq is close to 10-°.
The only other ATP sulfurylase that has been characterized extensively is the enzyme from Penicillium chrysogenum (6-8, 22, 26, 27) . The cabbage leaf enzyme differs from the fungal enzyme in several respects. First of all, the plant enzyme has a native mol wt of at least 104,000, and at most, 180,000 (the experimental value depends on the method of determination), while the native fungal enzyme has a mol wt of at least 400,000 (26) The [32P]MgPPi-MgATP exchange activity of the fungal enzyme is also higher than that of the plant enzyme-816 min-' (8) compared to 245 min-'. However, the molybdolysis and MgATP synthesis activity of the plant enzyme (2,162 min-) is higher than that of the fungal enzyme (approx. 1,000 min-) (8) . It is too early to comment on the physiological or physical significance of these differences. But it is worth noting that fungal APS kinase was used as the coupling enzyme in the APS synthesis assays. It would be of interest to compare the effects of fungal and cabbage leaf APS kinase on the APS synthesis activities of the fungal and plant sulfurylases.
